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Oxygen Atoms’ Effect on Vibrational Relaxation
of Nitrogen in Blunt-Body Flows

Eswar Josyula*
U.S. Air Force Research Laboratory, Wright-Patterson Air Force Base, Ohio 45433-7913

Numerical simulations are presented of the steady-state airflow over a hemisphere cylinder of 1-m radius hav-
ing hypersonic Mach numbers, where vibrational relaxation is the dominant mechanism and the dissociation of
oxygen is small. A Mach 6.5 flow was analyzed at freestream pressure of 50 Pa with a nonequilibrium freestream
translational temperature of 300 K and vibrational temperature of 4000 K; a Mach 1.5 flow was also studied to
delineate effects of vibration-translation (V-T) energy losses due to N,-O collisions. The effects on the vibrational
population distribution, temperature, and pressure in the flowfield were studied for various media: pure nitrogen
and air mixtures of 0.0001, 0.1, and 1% oxygen atoms. Code validation was performed with previously reported
computationalresults and experimental data for equilibrium flow in freestream, but nonequilibrium in the shock
layer. An upwind difference numerical scheme was used to solve the inviscid Euler equations coupled to a vibra-
tional kinetics model of N,, assumed as an anharmonic oscillator of 40 quantum levels. The shock-standoff distance
comparison with experimental data for a Mach 7.7 and 8.6 airflow past a blunt body showed good agreement. For
the Mach 1.5 flow at nonequilibrium freestream conditions, the high efficiency of the V-T rates of N,-O collisions
introduces additional heating in the shock layer for 0.1% and higher atomic oxygen, thus increasing the shock-
standoff distance; for the Mach 6.5 flow, a 0.1% atomic oxygen in air decreases the translational temperature in

air compared to that of pure nitrogen in the stagnation region.

Nomenclature

total energy per unit mass

species indices in quantum levels v and w
Mach number; molecular weight
pressure

nose radius

= translational temperature

first-level vibrational temperature
vibrational temperature for which population densities
correspond to a Boltzmann distribution
velocity vector

vibrational quantum numbers

Cartesian coordinates

Kronecker delta function

characteristic temperature of vibration
angular spacing, deg

mixture density

density of species, s

state density in the vth vibrational level
freestream conditions index
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Introduction

HE presence of a strong bow shock wave in hypersonic flow

past a blunt forebody presents considerable difficulties for ac-
curate numerical simulationof the flowfield in the stagnationregion.
The shock wave converts the high kinetic energy of the oncoming
flow into variousinternalenergy modes, which relax slowly and lead
to significantchemical and thermal nonequilibriumin the stagnation
region. Molecular collisions in a gas change the translational, rota-
tional, vibrational, and electronic energies of the collision partners.
The probabilities or effective cross sections of these elementary
processes differ significantly, which give rise to widely separate
relaxation times for the internal modes. Thus, it becomes impor-
tant to account for the rates of relaxation processes to predict the
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nonequilibriumbehavior of these kinds of flows. Vibrational equi-
libration is a process with relaxation times between the very short
times for translationalfotational equilibration and the longer times
for chemical and ionization equilibration. Vibrational energy distri-
butions during relaxation are required for prediction of dissociation
rates, interpretation of radiation experiments, and interpretation of
ionic recombination rates that depend also on the electron energy
distribution.! The instability of shock wavesin gasesand the anoma-
lous relaxationin nonequilibriumstates enhancingthe perturbations
of the gasdynamic quantities were discussed in Ref. 2.

Studies were conducted in the 1960s showing the high efficiency
with which the vibrational relaxation of molecular species takes
place in the presence of minor amounts of oxygen atoms.>* These
experiments indicate that oxygen atoms are several orders of mag-
nitude more efficient than O, or N, in the vibrational relaxation of
0O, and N, respectively. This highly efficientrelaxationis attributed
to a chemical effect resulting from strong attractive intermolecular
forces.* It is well known that the vibrational relaxation time for O,
is, at a given temperature, smaller than that for N, because the nat-
ural frequency in N, is one and one-half times higher than oxygen.
This makes the excitation of vibrational modes in nitrogen more
difficult, which results in first oxygen and then nitrogen reaching
equilibrium.5 Also, O,-0; collisions are 2.5 times more effective
than N,-N;, collisions. However, in air, a considerabledegree of N,
relaxation is achieved by the presence of oxygen atoms. Breshears
and Bird? report that the experimental values obtained for the vibra-
tional relaxation time for nitrogen dilute in 1 atm of oxygen atoms
are nearly two orders of magnitude below the values of pure nitro-
gen. Study of N,-O collisional effects on the vibrational relaxation
of N, in high-speedairflow pasta blunt body is one of the objectives
of the present paper.

Earlier work of Josyula® showed thermal nonequilibrium effects
due to a higher vibrational temperature than the translational tem-
peraturebehind the shock wave fora Mach 6.5 flow of pure nitrogen
past a blunt body. The additional energy contained initially in the
vibrationalmodesis cooledinthe shocklayerexhibitinggreaternon-
Boltzmann distributions due to nonresonantenergy exchanges and
higher populations in the upper levels. This resulted in an increase
in shock-standoffdistance compared to the flow having equilibrium
freestream conditions. The present study includes the various com-
ponentsof air with varying amounts of atomic oxygenconcentration
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for flow past a blunt body, the shock layer undergoing vibrational
coolingf’ To isolate the effects of the vibrational-translational (V-T)
energy lossesin the flowfield, a Mach 1.5 flow of air was studied for
its low translational temperature; atomic oxygen at these low tem-
peratures being negligibly small, higher concentrations were intro-
ducedin the flowfield to increase the probability of N,-O collisions
and to determine a rate controlling atomic oxygen mass fraction
for V-T heating. A similar study was conducted by Candler and
Kelley’ using a harmonic oscillator assumption for the molecules,
where the effect of upstream vibrational energy excitation on a su-
personic airflow increased the shock-standoffdistance and resulted
in a reduction in drag for a Mach 1.3 airflow past a 1-cm-radius
sphere.

The compositionof air at a temperature below 3000 K is such that
the nitrogendissociationdoes not start and oxygen dissociation just
begins to form a mixture composition that has minor amounts of
oxygen atoms. The effect of these minor amounts of oxygen atoms
on the vibrational relaxation of N, behind the blunt-body shock
wave, and the subsequent effect on the shock wave, is the objec-
tive of the present study. The paper describes a study in which the
vibrational relaxation of nitrogen in the presence of oxygen atoms
was computed for shock temperatures of 450 and 3000 K. The study
consists of flow past blunt body of 1-m radius at freestream Mach
numbers of 1.5 and 6.5 at a translational temperature of 300 K
and vibrational temperature of 4000 K and freestream pressure of
50 Pa. Because of the large disparity of vibrational relaxation times
of pure nitrogen and nitrogen in the presence of oxygen atoms, the
results using both flow media (that of pure nitrogen and air mix-
tures) are compared to assess the effect of N,-O collisions on N,
relaxation. The nitrogen molecule is treated as anharmonic oscilla-
tor with 40 quantum energy levels for performing a detailed study
of the nonequilibrium phenomenon in the slower relaxing nitro-
gen. The oxygen molecule is assumed as a harmonic oscillator with
V-T energy transfers evaluated using the Landau-Teller theory. In
the present study, the species, N,, O,, and O were considered to
make up the air mixture. Code validation consists of comparisons
of temperature profiles with previously reported computations and
shock-standoffdistances with previouslyreportedexperimentaldata
of flows at intermediate hypersonic Mach numbers.

Analysis

The global conservation equations in mass-averaged velocity
form are

a .
E(pv)-i-V{pvu):wv v=20,1,... (1)
i( )+ V- (pu) =c )
8 t 10 s 10 Xu - a)S
a =
E(pu) + V- (puu — ps) =0 (3)
a .
E(pxevib) +V. (pxevibu) = PsWyib (4)
0 p
—(pe) + V- |:p<e+—>ui| =0 (5)
ot 0

The conservation equation (1) is written for mass density in quan-
tum level v for diatomic nitrogen. The source term w, derived from
the vibrational master equations is made up of the relevant energy
exchange processes consisting of the V-T and vibration-vibration
(V-V) reaction mechanisms. Of the three species (O,, N,, and O)
considered for the air mixture, only the species N, was treated as an
anharmonic oscillator with the following energy exchange mecha-
nisms:

W, = (PNZ—NZ)V_T + (PNZ—NZ)V_V + (IONQ—OQ)V_T + (IONQ—O)V_T
6)

The density of molecular nitrogenis the sum of populationdensities
in the various vibrational levels:

o= D P ™

v=0,1,..

The mass conservation of diatomic and atomic oxygen is rep-
resented by Eq. (2). The production of small amounts of atomic
oxygen due to dissociation of diatomic oxygen is included in the
source term w,. The mixture density p is the sum of the partial
species densities,

p= X:Um2 + po, + o) ®)

The conservation of total momentum is given by Eq. (3). Equa-
tion (4) is the conservation equation for vibrational energy. For di-
atomic nitrogen, a separate vibrational conservation equation was
not necessary because the vibrational energy was calculated at each
quantum level, discussed later. However, for the diatomic oxygen
molecules assumed as harmonic oscillators, Eq. (4) was solved
with a source term for the V-T coupling, modeled according to
the Landau-Teller® (also see Ref. 9) form:

- evib;)/fx (9)

where e, is the vibrationalenergy of the species O, and ejibv is the
vibrational energy in thermal equilibrium at the local translational
temperature. The relaxation time is given by

2. X

- ZS X/t

where X denotes the species mole fraction and 71 is the Landau-
Teller interspecies relaxation times. Here 7,7 was computed using
the expression developed by Millikan and White.!® The vibrational
temperature of O, was determined by inverting the expression for
the vibrational energy containedin a harmonic oscillator at the tem-
perature T'v,

: — *
Wyip = (evibx

(10)

Ts

R®v(02)
e®v(0y)/Tv _ 1

€yib(0y) = (11)
where R is the species gas constant per unit mass. The V-V ex-
changes were neglected for the oxygen molecules in the present
study. In a similar work, Candler and Kelley’ neglected the V-V
exchanges for all of the molecules where the relaxationtime of V-T
energy transfer of the N,-O and O,-O collisions is four orders of
magnitude greater than that for highly nonresonant V-V energy ex-
changes between N, and O, at 1000 K (Ref. 11).

The kinetics of the particle exchanges among the quantum states
of N, were simulated by the vibrational master equation. The pop-
ulation distributions were calculated by® 2

. 1 / ’
w, = M{ Z[kVT(U g U),Ov’P - kVT(v - ),OU,O]

+ Z [kVV(v/» w' — v, w)pv’pw’

w,vw’

_kVV(Ua w — l)/, w/)Pva]} (12)

where v’ and w’ are equal to v — 1 and w — 1, respectively. The
equations governing the V-T reactionsresponsible for the variation
of the particles distributed in the vth vibrational level of diatomic
nitrogen are

No(w)+M = Ny(v— 1)+ M (13)

where M representsO,, O, andN,. The equationsgoverningthe V-V
processesin N, giving the reactions responsible for the variation of
the particles distributed in the vth vibrational level are

N2 (v) + No(w) = No(v — 1) + No(w — 1) (14)
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For the kinetics of diatomic nitrogen, the present study used 1)
V-T forward rate coefficients calculated according to expressions
proposed by Capitelli et al.!* and Billing and Fisher'* and 2) V-V
forward rates by Doroshenko et al.'> The V-T forward rate coef-
ficient for N,-O collisions was from the work of Capitelli et al.,'s
which was based on Refs. 17 and 18. Backward rate coefficients
were derived from detailed balance.

In the present study, for the N,-O, collisions, the Landau-Teller
theory was used to determine the V-T relaxation time® 7,1, from
Millikan and White correlations!® The rate constant k; ; for the
(1,0) levels needed to obtain the reaction rates is

ki o= 1/tz[1 — exp(—0,/T)] (15)

The forward, k, _ ,, and backward, k, , _ |, rates were scaled from
the rate constants k; o (Ref. 9):

kv— Ly = vkl.U exp(_®v/T) (16)
kv,v—l = vk 17)

Although there is uncertainty in the reaction rate data used in
the present study, the research was conducted with the intent of
obtaining a qualitative understanding of the vibrational relaxation
in air for hypersonicbluntbody flows with Tv > T behind the shock
wave.

The vibrational energy of the N, molecule is given in terms of
the quantum level energies by

Na L (18)

M 212 PN

Cvibn, =

where i is used to denote the quantum level. In this equation, N,
is Avogadro’s number, p; / p, is the fractional population of the ith
vibrational level, M is the molecular weight, and ¢; the quantum
level energy given by the third-order approximating formula

€ /hc :a)e(i — %) —a)L,xL,(i — %)2 +a)L,yL,(i — %)2
i=1,2,...,1 (19)

Equation (19) represents anharmonic-oscillatorbehavior of the N,
molecule, where / is the Planck’s constant,and c is the speed of light.
The spectroscopic constants are given by'® w, =2358.57 cm™!,
weX, =14.324 cm™', and w.y. = — 0.00226 cm™!. When i =45,
the value of energy exceeds the N, dissociation energy, 9.62 eV
(Ref. 20). The present computations assume the number of vibra-
tional quantum levels for the N, molecule as i = 40.

The first-level vibrational temperature T; defined as the tempera-
ture corresponding to the Boltzmann distribution of the population
p1/pn, of the first vibrational level is calculated by solving the

equation
O1 —€l —€j
— —expl — exp| — (20)
PN, p<kTﬂ>/.=Xl:_2___ p<kTﬂ>

J

where k is the Boltzmann constant. In the present study, 7j is
used to represent the vibrational temperature of the anharmonic
N, molecule. Note that Ty is not very indicative of a vibrational
temperature in the case of highly non-Boltzmann distributions.
The V-T forward relaxation times for the N,-O,, N,-N,, and
the N,-O reactions are plotted at various temperaturesin Fig. 1. It
is clearly seen that the times for the N,-O, and N,-N, collisions
are nearly the same for the entire range of temperatures (also noted
in Ref. 21); the relaxation times for N,-O collisions, in compari-
son, are significantly less. The faster rates of the N,-O collisions
contribute to V-T energy losses, altering the kinetics of reactions
behind the shock wave. The experimental measurementsin the tem-
perature range of 3000-4000 K are about an order of magnitude
lower than the analytical results, confirming the large discrepancy
in relaxation time between the molecule-molecule and N,-O colli-
sions. See Table 1 for a summary of the rates used for the different

Table 1 Details of rates used for vibrational energy transfer

Type Collides V-T rates V-V rates
No. Species oscillator with from from
1 N> Anharmonic N, Ref. 13 Ref. 15
2 N> Anharmonic O, Ref. 10
3 N, Anharmonic (6] Ref. 16 _
4 O, Harmonic N,, O Ref. 10 R
102 \ o Data: N,-O from Ref. 3 (1-2% 0)
10" —— - Analytical: N,-O, from Ref. 10
—~10° \\ — — Analytical: N,-N, from Ref. 13
-~ . \ _ Analytical: N,-O from Ref. 16
Q10 ",
E N\
=102 ., At1 atm
<
S40° AN N,-N,/N,-0
=10 - 2N/N,-O,
g L

10'7|A||||||||1||llwnllll

1000 2000 3000 4000 _ 5000
T (K)

Fig. 1 V-T forward relaxation times at 1 atm.

cases computedin the present study. The primary species of air con-
sidered in the present study were O,, O, and N,. For the maximum
shock temperature of 3000 K, the significant chemical reactions
between the species considered are

O, +M=20+M (1)

The chemical source terms are derived from the law of mass ac-
tion. The reaction rates and equilibrium constants were taken from
the work of Park.?> The vibration-dissociation coupling for the di-
atomic species was achieved by the two-temperature model sug-
gested by Park®: T; =/(T'T,), where T is the rate-controlling
temperature for the forward rate of the dissociation-recombination
reactions. The freestream air mixture for the Mach 6.5 flow con-
sisted of 0.0001% O atoms. For this case, the shock temperature
of nearly 3000 K produced minor amounts of oxygen atoms in the
shock layer by O, dissociation, which allowed us to study effects
of atomic oxygen on N, relaxation. In the case of Mach 1.5 flow,
however, there is no oxygen dissociation for the low shock temper-
atures (less than 500 K); hence, the present study considered two
mixtures of freestream air, which included 1) 0.1% O and 2) 1% O.
The inclusionof the additional oxygen atoms was necessary for this
case to study the effect of the N,-O collisions on the V-T energy
loss in the flowfield.

Conditions of Numerical Simulation

Several cases were run to validate the present code and to study
the physics of nonequilibrium flow past a blunt body. A Mach 6.5
flow past a 1-m-radiusinfinite cylinder was computed for two types
of media, pure nitrogen and air mixtures, to compare results with
an existing computation®® and to quantify variation of the results
in air from those of pure nitrogen. Experimental shock-standoff
distances available?* for Mach 7.7 and 8.6 airflows past smaller
radii spheres, 0.014 and 0.015 m, respectively, were computed to
enable validationof the present code. As part of code validation, the
presentair code compared results of N, assumed as an anharmonic
and a harmonic oscillator; O, was treated as a harmonic oscillator
in both calculations.

The effect of the oxygen atoms on N, relaxation was studied
for flow at Mach 6.5 and at a lower Mach number of 1.5 past a
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Table 2 Details of flow conditions in freestream

Mach Too, TV, Poos Radius r,
Case no. K K Pa m Medium Validation
1? 6.5 300 300 50 1.0 N3, air (0.0001% O) Comparison with Ref. 23
2 7.7 293 293 600 0.014 Air (0.0001% O) Experiment/comparison with Ref. 24
3 8.6 293 293 560 0.015 Air (0.0001% O) Experiment/comparison with Ref. 24
4 6.5 300 4000 50 1.0 N>, air (0.0001% O) —_
5 1.5 300 4000 50 1.0 N>, air (0.1% O) e
6 1.5 300 4000 50 1.0 N,, air (1% O) —_

“Case 1 is two-dimensional infinite cylinder, all other cases are hemisphere cylinders.
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Fig. 2 Typical computational grid.

hemisphere cylinder. At both Mach numbers, the freestream condi-
tions were in nonequilibriumto produce 7v > T behind the shock.
The lower Mach number selected for the purpose of delineating the
effects of V-T losses consisted of cases where the air mixtures had
varyingamounts of oxygen atoms, 0.0001, 0.1, and 1%. A summary
of these cases is given in Table 2.

The numerical algorithm used to solve the coupled set of equa-
tions is the Roe flux difference method with an entropy correction
used in Ref. 6. An explicit predictor-corrector method is used to
advance the solution in time.

A grid-size study was conducted to determine the effects of grid
density on the temperature distributionalong the stagnation stream-
line and surface. Details are given in Ref. 6. A mesh system of 40
nodes in the body-tangential direction and 50 nodes in the body-
normal direction was used for all of the cases in the present study.
The grid system for the two-dimensionalcylinderis shown in Fig. 2.
The minimum distance A, /r of the first mesh point away from the
body was 0.0012, and the grid was exponentially stretched in the
body-normal direction with a stretch factor of 1.27.

Convergence to a steady-state solution was monitored by the L,
norm. The data processing rate (DPR) of the pure nitrogen code for
the two-dimensional solution of the Euler equations using the vibra-
tional kinetics model with 40 quantum levelsis 7.5 x 10~ CPU-s/
pointi/iteration on a single processor of a Cray C-90 computer.

Boundary Conditions

The upstreamand farfield boundary conditions were prescribedas
the undisturbedfreestreamvalues. At the downstreamboundary, the
no-change condition was imposed for the predominantly supersonic
flowfield. On the body surface, n - u is zero, where n is the surface
normal vector. The finite volume formulation of the present work
allows fluxes at the singular line of symmetry to be set to zero
because the control surface of the elementary cell at the axis of
symmetry merges to a point.

The population densities in N, were set to values corresponding
to a Boltzmann distribution at the temperature 7T v, on the first i
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Fig. 3 Validation: comparison of temperatures along stagnation
streamline, M« =6.5, poo =50 Pa, Tvew =300 K, Too =300 K, and
r=1m.

levels of the spectrum produced by Eq. (19). Thus, p;  is given by

Pi, 0 _ej .
=ex ex i=1,...,1 (22
ION_oo p( )/Izle: p<le}>

where k is the Boltzmann constant. Vibrational temperature 7'v in
the freestream is either in equilibrium with translational tempera-
ture producing vibrational heating in the shock layer or in nonequi-
librium with T producing vibrational cooling in the shock layer.$
Tv for O, and N, molecules was set to the same value in the
freestream. See Table 2 for a summary of flow conditionsusedin the
presentstudy. Initial conditions were set to freestream uniform flow
conditions.

—
kTv

Results and Discussion

Results are discussedin two sections. Comparison of the present
computations with experimental data and previously reported com-
putations to validate the code comprise the first section. The second
section shows effects of minor amounts of oxygenatoms on air mix-
tures flowing past a hemisphere cylinder where 7v > T behind the
shock wave.

Population distributions vs quantum level vibrational energies
[Eq. (19)] are plotted on selectlocationsalong the stagnationstream-
line. The locationsare preshock, postshock,in shock layer, and stag-
nation point. The preshocklocation (at the shock edge) is at the grid
pointimmediately before the jump in 7 and p to their highest value
acrossthe shock,and the postshocklocationis the pointimmediately
behind the shock front in the shock layer.

Validation

Figure 3 shows comparisons of temperature distribution in the
flowfield for M =6.5, po =50 Pa, and T, =300 K, for pure
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nitrogen and airflow past an infinite cylinder of 1-m radius. Fig-
ure 3 shows comparison along stagnation streamline with existing
computation? in pure nitrogen. The comparison of results in pure
nitrogen shows that the translationaland first-level vibrational tem-
peraturesalongthe stagnationstreamlineare in good agreement. The
slight discrepancy of the translational temperature jump across the
shock between the present and Ref. 23 results is due to differencein
grid sizes and algorithms used for the respective computations. For
the present computationin air (also shown in Fig. 3), the vibrational
temperatureof O, goes up across the shock and equilibrates with the
translational temperature in the shock layer. The energy associated
with raising the vibrational temperature of O,, brings the postshock
location toward the body with a lower translational temperature
throughout the shock layer. The lowering of the translational tem-
perature of air in the shock layer and recovery at the stagnation
region are due to the overfilling of the high vibrational states and
the subsequentrelaxation,reducing the vibrational populationin the
higher states. The lower translational temperature in the air mixture
has a lower T (N,) compared to that of pure nitrogen (Fig. 3)

For validating the present code with experimental data,?* com-
parisons of shock-standoff distance and temperature distributions
along the stagnation streamline were made in Figs. 4a and 4b, re-
spectively. The two cases computed were for Mach 7.7 and 8.6
airflow past hemisphere cylinders (see Table 2 for details on flow
conditions). The comparison of shock-standoff distance at the two
freestream velocities is shown in Fig. 4a. The reference frozen flow
curve (taken from Ref. 25) shows that both cases have a small de-
parture from chemically frozen conditions. The comparison shows
that computations at both velocities are within 1% of each other.
The shock-standoff distance prediction is 1% higher than data
for the Mach 7.7 case and 3% lower than data for the Mach 8.6
case. The temperature distributions along the stagnation streamline
for these cases are shown in Fig. 4b. The comparison between the
present Euler computation and the Ref. 24 viscous computation is
remarkably good throughoutthe shock layer; across the shock wave
the difference, as noted earlier, is within 1%.

The population distribution in Fig. 4c shows a higher fractional
state density of N, for the higher velocity case, and as expected, the
populationdistribution at the stagnationpointis close to Boltzmann
distribution.

It can be concluded that the present air code using vibrational
kinetic formulation for N, molecules predicts with good accuracy
the shock-standoff distance in intermediate hypersonic flows.

Effects of Atomic O on N, Relaxation

Results are now shown for a Mach 6.5 flow past a hemisphere
cylinderof 1 m radius. The flow media considered are pure nitrogen
and an air mixture with 0.0001% O in the freestream. Comparisons
of temperatures along the stagnation streamline are shown in Fig. 5,
the mass fraction of atomic oxygen (along the stagnation stream-
line) produced by the O, dissociationin Fig. 6, and comparisons of
temperatures along the surface in Fig. 7. The freestream conditions
of this flow are such that the vibrational temperatures of oxygen and
nitrogen are about 13 times the translational temperature of 300 K.
This resultsin 7Tv > T behind the shock, and the vibrational modes
undergo cooling in the shock layer (Ref. 6 for more discussion on
the physics of the vibrational cooling flows). The translational tem-
perature T along the stagnation streamline in Fig. 5 jumps up by
aboutnine times its freestream value. T increasesin the shock layer,
with the energy transferby V-T mechanismlowering the vibrational
temperature, reaching near equilibrium conditions at the stagnation
point. Figure 5 shows that the air mixture reaches thermal equi-
librium at the stagnation point. The vibrational temperature of O,,
however, equilibrates with the translationaltemperaturein the shock
layerbefore the flow reaches the stagnation point. As the flow enters
the stagnationregion, the atomic oxygen concentrationincreases to
0.1% due to the dissociationof O, (Fig. 6), thus increasing the rapid
N,-O collisions that enhance the N, relaxation. This lowers the
Ta(N3) in air compared to pure nitrogen in the stagnation region
shown in Fig. 5. The high vibrational temperature of O, specified
in the freestream introduces additional energy of vibrationin the air
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Fig. 4 Validation: comparison of a) shock-standoff distance with ex-
perimental data, b) translational temperature with existing computa-

tion along stagnation streamline, and c) population distribution along
stagnation streamline.

mixture causing greater shock-standoff distance (see Fig. 5 and its
inset).

The surface temperatures in Fig. 7 show the first level vibrational
temperature of N, nearly constant along the forebody; the T (N>)
of the air mixture is lower than that of pure nitrogen by about 5%.
The translational temperatures of pure nitrogen and the air mix-
ture reduce from the stagnation point to the shoulder, the expansion
cooling the flow. The population distribution of N, (Fig. 8) at the
postshock and stagnation point locations are vibrationally cooled
and are close to Boltzmann distribution. The fractional state densi-
ties of N; in the air mixture are less than those of pure nitrogen at
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the stagnation point, a result of greater vibrational relaxation of N,
in the presence of oxygen atoms.

The effect of oxygen atoms on the airflow past a hemisphere
cylinder at a lower Mach number of 1.5 is now discussed. The con-
ditions of simulation are such that the translational temperatures
are less than 450 K, at which the V-T energy loss is more signif-
icant than V-V exchanges. At these temperatures, O, dissociation
is absent. To study the effect of oxygen atoms on N, relaxation
in the air mixture, varying amounts of oxygen atoms were intro-
duced in the flowfield. The nonequilibrium freestream conditions
for this flow are 7, =300 K, Tv,, =4000 K, p,, =50 Pa, and
the hemisphere radius is 1 m. Figure 9 shows the translational and
vibrational temperatures along the stagnation streamline for the fol-
lowing freestream media: 1) pure nitrogen, 2) air with 0.1% O, and
3) air with 1% O. From the translational temperature comparison,
itis seen that the shock-standoffdistance increases with increase in
percentage of oxygen atoms. The shock-standoffdistance in the air
mixture with 0.1% O increases by 4% over that of N,; the increase
in air mixture with 1% O is about 3% more than with 0.1% O. This
is a result of V-T energy transfer of the N,-O collisions, which,
discussed for Fig. 1, is about two orders more efficient than either
the N,-N, or N,-O; collisions. Also, the translational temperature
increasesin the shock layer as the flow approachesthe body, with an
increase in the oxygen atom concentration. At the stagnation point,
the translational temperature decreases for the pure nitrogen and
the air mixture with 0.1% O due to the slower V-T rates of N,-N,
and N,-O, at the lower temperatures; however, with an increase in
percentage of oxygen atoms to 1%, the effect of the N,-O collision
rate is to increase the translational temperature. The V-T heating
rate in the quantum energy states of N, in air of varying oxygen
atom concentrationsis discussed later. The nonlinearity of the tem-
perature profiles near the surface is dependent on the accuracy of
the V-T reaction rates at the low temperatures.

It may be concluded from results shown in Figs. 5 and 9 that the
mass fraction of the oxygen atoms above 0.1% begins to control the
V-T rates.

The first-level vibrational temperature of N, in Fig. 9 shows a
corresponding decrease in the freestream and a larger decrease in
the shock layer, undergoing vibrational cooling. Interestingly, the
Ty (N,) of the air mixture with 0.1% O is higher than that of the pure
nitrogen medium. This is due to the reduction of populationin the
high vibrational states driving the population up in the lower states
and making the 73 (N») higher for the air mixture. Note the crossover
of the population distribution at i =5 of N, in the air mixture with
0.1% O, shown later. As the atomic oxygen is increased to 1%, the
population is depleted in the higher as well as lower states due to
quenching. This reduces the T4 (N,) for air with 1% O compared to
pure nitrogen in the postshock and stagnation regions. In the rest
of the shock layer, T3 (N,) of the air mixture with 1% O has about
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the same temperature as in the pure nitrogen medium because the
depletion of the vibrational populationin the higher levels increases
the population in the lower levels, which are quenched due to the
N,-O collisions.

The translational temperature distribution along the surface for
the pure nitrogen and air mixtures is shown in Fig. 10. The temper-
atures increase with increase in percentage of oxygen, as expected.
An increase of 4% for air (0.1% O) over the pure nitrogen medium
and an increase of 6.5% for air (1% O) overair (0.1% O)is achieved.
The drop in the translational temperature from the stagnation point
to the shoulderalong the forebodyis due to the expansionof the flow.
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Fig. 11 Density distribution along stagnation streamline, M« =1.5,
Poo =50Pa, Tvw =4000K, Too =300K, andr=1 m.
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nation streamline, M« =1.5, po =50 Pa, Tvew =4000 K, T, =300 K,
andr=1m.

The mixture density variation along the stagnation streamline
(Fig. 11) shows the increase in shock-standoff distance for the
air mixtures with increasing oxygen concentrations and a de-
crease in the shock layer from X /r = —1.3 to the stagnation point
(X/r=-1).

The populationdistributionsin the N, vibrationalstatesin the pre/
postshock,in the shocklayer,and at the stagnationpointare shownin
Figs. 12-14. The populationdistributionin the preshock location of
stagnationstreamline (Fig. 12) for the pure nitrogen and air mixtures
is nearly the same and is Boltzmanndistribution. The distributionbe-
hind the shock wave (Fig. 13a) is shown at the postshocklocationand
atadistanceof0.13 mfromthebody along thestagnationstreamline.
The distribution is Boltzmann in the immediate postshock location
of the shock wave; at a distance 0.13 m from the body, the distribu-
tion is non-Boltzmann by the V-V up pumping between the levels
of 9 and 25 and the V-T losses in the upper levels. In the shock
layer, the air with 1% O has the lowest fractional state density in the
upper levels of N, (shown in Fig. 13b), air with 0.1% O has higher,
and pure nitrogen the highest. In the shock-layerlocation, the V-T
energy losses in the upper levels are higher for air with the higher
oxygen concentrationdue to the N,-O collisions. As noted earlierin
the discussion of Fig. 9, for the air mixture with 0.1% O atoms, the
reduction of populationin the upper levels drives the populationup
inthe lowerlevels as seen by the crossoverin Fig. 13c. For the higher
oxygen fraction of 1%, quenching occurs in all of the vibrational
states, thus reducing the population distribution throughout.
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At the stagnation point (shown in Fig. 14), there is even greater
non-Boltzmann behavior associated with V-V and V-T transfers.
The fractional state density is lowest for high vibrational states of
N, in air with higher oxygen concentrations. Figures 13 and 14 do
not, however, give an indication of which vibrational levels are re-
sponsiblefor the V-T heatingrates affectingthe temperatures shown
in Fig. 9. The V-T heating rates in the vibrational energy levels of
N, are shown for the postshock and stagnation point locations in
Fig. 15.

The V-T heating rate Ryt due to the N,-O collision is given by
the difference in the vibrational excitation and relaxation rates as

Ryr = Z (PUNZPOFU\,/LT—1_Pv—1NZPOB,Y_T1_U)(EU—€U—1) (23)

v=0,1,..

where F and B are the forward and backward reactionrates, respec-
tively, € is the quantum level vibrational energy, o, is the popula-
tion density in the vth vibrational level of N,, and p, is the density
of atomic oxygen. The equation provides a quantitativecomparison
of the vibrational levels that contribute toward the heating due to
V-T energy transfers. Ryr plotted in Fig. 15 shows the rate in air
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with concentrationsof 0.1 and 1% O. As expected, the medium with
greater concentration of oxygen atoms has a greater heating rate
due to the high efficiency of the N,-O collisions. At both atomic
oxygen concentrations, the lower vibrational levels make a greater
contributionto heating, and for the flow at the stagnation point, the
upper levels from 10 to 20 also make a significant contribution to
heating.

The surface pressure on the forebody (Fig. 16) remains the same
for the Mach 1.5 airflow with varying amounts of oxygen concen-
trations.

Concluding Remarks

A computational study of hypersonic airflow past a hemisphere
cylinder was conducted. The flow conditions were Mach number
6.5 at p,o =50Paand T, = 300K and Tv,, =4000 K for a 1-m-
radius body. A Mach 1.5 flow was also computed to isolate effects
of the V-T heating resulting from N,-O collisions. The inviscid
Euler equations were coupled to the vibrational master equations
with 40 quantum energy levels of diatomic nitrogen, assumed as an
anharmonicoscillator. The master equationsaccountforthe V-T and
V-V energy exchange processes. The flow media considered were
pure nitrogen and air mixtures of atomic oxygen concentrations of
0.0001, 0.1, and 1%.

Comparisons of the present results with a previously reported
computation show excellent agreement in the predictions of trans-
lational temperatures and first-level vibrational temperatures along
the stagnation streamline. Comparison of shock-standoff distance
with experimental data agreed favorably.

For the Mach 6.5 flow past a 1-m-radius hemisphere cylinder, the
freestream air mixture consisting of 0.0001% O has a mass fraction
of 0.1% O near the body due to the O, dissociation; the presence
of these oxygen atoms decreases the translational temperaturein air
compared to pure nitrogen near the body. For the Mach 1.5 flow, O,
dissociationis absent; hence, the freestream air mixture was speci-
fied as having of 0.1 and 1% O atoms, in the present study. The air
mixture with 0.1% and higher oxygen concentrations causes heat-
ing in the shock layer, which increases the translational temperature
in the shock layer and increases the shock-standoff distance. The
increases in the shock-standoff distances are accompanied by the
lowering of densitiesin the shock layer. The maximum V-T heating
rate in the shock layer occurs in the lower five levels, with the heat-
ing rate increasingin higherlevels (up to 20) as the flow approaches
the body. The effect of high V-T energy losses at the higher quan-
tum numbers lowers the fractional state density beyond quantum
number of 25 away from the Boltzmann distribution. V-T losses
in the higher vibrational states for the air mixture with 0.1% oxy-
gen atoms drive up the vibrational population in the lower states,
which increases the vibrational temperature from that of pure nitro-
gen, but an increase to 1% atomic oxygen quenches the vibrational
populationin all of the vibrational states and lowers the vibrational
temperature from that of pure nitrogen. Near the surface, the rate-
controlling oxygen mass fraction in the air mixture for the N,-O
collisions to be effective is noted as 0.1%. The surface pressure for
the Mach 1.5 flow with varying amounts of oxygen concentrations
shows no variation.
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